Abstract: The joining of dissimilar metals is one of the most essential necessities of industries. Manufacturing by the joint of alloy steel and normal carbon steel is used in production, because it decreases raw material cost. The friction welding process parameters such as friction pressure, friction time, upset pressure, upset time and rotating speed play the major roles in determining the strength and microstructure of the joints. In this study, response surface methodology (RSM), which is a wellknown design of experiments approach, is used for modeling the mathematical relation between the responses (tensile strength and maximum temperature), and the friction welding parameters with minimum number of experiments. The results show that RSM is an effective method for this type of problems for developing models and prediction.
Introduction
Friction welding is a solid-state welding process which is widely employed. Main advantages of friction welding are high material saving, low production time and the possibility of welding dissimilar materials. Economic and competitive production system has introduced the usage of different materials welded together in different phases of the production of the same part. Essential parameters of friction welding (FW) are friction pressure (Pf) and friction time (tf), upset pressure (Pu) and upset time (tu) and rotating speed (n) [1, 2] . The basic steps involved in FW are shown in Figure 1 [3] . Initially, one workpiece is rotated while the other is kept stationary as shown in Figure 1 (a). When the appropriate rotational speed is reached, the two work pieces are brought together and axial force is applied as shown in Figure 1 (b) . Rubbing at the interface heats the workpiece locally which starts upsetting as shown in Figure 1 (c). Finally, when rotation of one of the workpieces stops, this means upsetting is also completed (as in Figure 1(d) ). The friction welding process is characterized by a narrow heat-affected zone (HAZ), the presence of plastically deformed material around the weld (flash) and the absence of a fusion zone. The relationship of parameters on continuous drive friction welding is shown in Figure 2 [1, 3] .
Various researchers have investigated the relationship between mechanical work during FW and joint performance. When the literature is reviewed [4−6] , it is understood that most of the published information on friction welding of dissimilar materials are focused on the microstructural characteristics, microhardness variations, phase formation and strength properties evaluation. There are also several studies that investigate the effect of welding parameters on mechanical properties of the material, welding zone, and the HAZ for AISI 304 stainless steel exist. The welding strengths and metallurgic properties of the joints were investigated using austenitic stainless steel (AISI 304) in [7−9] . Özdemir et al. [10] directed the effect of rotational speed on the interface properties of friction-welded AISI 304L to 4340 steel. Arivazhagan et al. [11] carried out to study the microstructure and mechanical properties of AISI 304 stainless steel and AISI 4140 low-alloy steel joints by different welding method.
AISI 316 is the second most popular steel of the stainless steel group. It has 20% consumption ratio in the whole stainless steel products. AISI 316 has good oxidation strength up to 870°C under the discrete service, and up to 925°C under the continuous service [12, 13] . Akbarimousavi et al. [14] carried out the study about friction welding of Cp-titanium and AISI 316L stainless steel. The optimum operational parameters were obtained in order to achieve the weld tensile strength greater than the weak titanium material. Bhamji et al. [15] studied the linear friction welding of AISI 316L stainless steel. Analysis of the variation in delta ferrite, with different welding parameters, has produced some interesting insights into heat generation and dissipation during the process.
All the above-mentioned investigations were carried out on trial and other basis to attain optimum friction welding conditions. In spite of the fact that long tradition of industrial use of friction welding process, slight study has been reported so far to optimize the friction welding parameters to attain the maximum tensile strength. In the friction welding, the variation between theoretical and experimental values of flash features is analyzed by using ANN [16] . In the investigation of Paventhan et al. [17] , an attempt was made to develop an empirical relationship to predict the tensile strength of friction-welded AA 6082 aluminum alloy and AISI 304 austenitic stainless steels joints, incorporating with the parameters that were mentioned above. Response surface methodology (RSM) was applied to optimize the friction welding process parameters to attain the maximum tensile strength of the joint. RSM of design of experiment (DOE) is used to analyze the results of rotary friction welding of steel with varying carbon [18] .
Although a comprehensive review of the studies is presented for friction welding, there appears to be no study that presents the friction welding of the AISI 316 stainless steel and Ck 45 unalloyed steel which have a common usage area. This observation has been a motivation for the present work. Therefore, AISI 316 austenitic stainless steel and Ck 45 unalloyed steel are joined by friction welding in the present study and the mathematical relation is searched between the responses of friction welding process (tensile strength, max temperature) and the friction welding parameters (tf, Pf, Pu) by using RSM.
Rest of the paper is organized as follows: Materials and methods, Modeling of the system under study, Discussions and Conclusions.
Materials and methods
Friction welding experiments were carried out on a continuous drive friction welding machine controlled by the computer with a maximum load capacity of 101.736 kN and speed of rotation (3,000 rpm). The parent materials that were used in the present study are a commercial AISI 316 austenitic stainless steel and Ck 45 unalloyed steel for friction welding. The chemical compositions and measured tensile strengths of the parent materials are given in Table 1 . Workpieces of both steels were machined in the form of bars with 10 mm diameter and 80 mm length. In this study, the parameters have been decided after some pre-experiments and by related literature search. Upset time (tu) and rotational speed were fixed at 20 s, 
and 3,000 rpm, respectively, while total friction times varied from 6 to 10; friction pressure were between 80 and 120 MPa, upset pressure range were from 120 to 200 MPa. Continuous drive friction welding machine was used to weld the joints (Figure 3 ). The macroscopic view of welded specimens is given in Figure 4 . Tensile strength was measured to check the mechanical performance of the welding. The tensile tests have been prepared in accordance with the standards of EN 895, whereas the tests have been performed at the rate of 2 mm/min by Instron Corporation tension device. Tensile tests applied on welded specimens revealed that friction time, friction pressure and upset pressure, which are friction welding parameters, were effective on joint strength. Otherwise the temperature of the weld zone was measured using infrared temperature measurement device during welding process. Changes in the temperature of the welding parameters and their effects on the microstructure were observed.
Microstructures of the welded specimens were examined, by using optic and scanning electron microscope (SEM).
In the welding area that was exposed to the friction welding, a materials transition region exists as well as the HAZ of the two main materials around this region. [19] . Different welding parameters have changed the width of welding zone and HAZ. The width of the welding zone expands with the increase of friction pressure and time. However, after a particular tf and Pf value the heated material at the welding zone carried out with a flash as can be seen in Figure 4 and both the temperature and the width of welding zone are decreased. The strength of the welded material is varied according to this situation.
Modeling of the system under study
This paper proposes an approach for predicting tensile strength from a second order polynomial equation obtained by modeling the relation between friction time (tf), friction pressure (Pf), and upset pressure (Pu) parameters by using RSM. RSM is a DOE technique which is used for prediction or optimization. In this study RSM is used for predicting the tensile strength (Rm) and maximum temperature of unexperienced factor combinations of tf, Pf and Pu. The advantage of using DOE techniques is modeling the relations between the factors (input variables) and the responses (output variables) with minimum number of experiments. When RSM is compared with other DOE techniques namely Taguchi method and factorial design, RSM has the advantage that it can give optimal solutions with decimals of factor levels while Taguchi gives the optimal combination of factors for the given factor levels and factorial design is appropriate for systems those can be modeled by first-order polynomials.
In this study, RSM was performed to establish the mathematical relationship between the responses (tensile strength and maximum temperature) and the input parameters (tf, Pf and Pu). For the modeling, 10 experiments are carried out by using actual values of tf, Pf and Pu which are given in Table 2 . Because of the nonlinear relations between the mentioned factors, a full quadratic mathematical modeling that was based on RSM is carried out. Eq. (1) shows the general second-order polynomial response surface mathematical model (full quadratic model) for the experimental design: 
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where Y is the corresponding response, X i and X j are values of the ith and jth input parameters; terms β 0 , β i , β ii and β ij are the regression coefficients; i and j are the linear and quadratic coefficients and e is the residual experimental error [20, 21] . Randomized experimental runs are carried out to minimize the error. MINITAB 16 statistical package is used to establish mathematical models for R m and maximum temperature. According to the experiments presented in Table 3 , mathematical model that was based on RSM for predicting the response tensile strength has been established with 95% confidence and is represented in the following regression eq. tensile strength. tf and Pf together affect the tensile strength in various aspects. During the welding process, in the case of short friction times it has been observed that the tensile strengths were low, since the required temperature is not reached by the material for joining. Especially, when both the friction time and the friction pressure are low, a good welding strength was not achieved due to the lack of sufficient heat and material transition. However, after a critical level of parameters much deformation and length contraction are observed, and the welding strength is decreased. When Pu is holded at lower levels, forming fractures at the interfaces of welding is expected. By using eq. (3), the surfaces and contours of response for maximum temperature are plotted in Figures 9-11 . During the welding process, the maximum temperatures (995-1,072°C) was reached between 7 and 12 s. (The first 2 s have been accepted as a preparation time.) Heat increases rapidly. From that point forward, even though the rotation and Pf resume, the temperature rising speed slows down. The reason for this situation is the decrease of the friction coefficient caused by the warming up of the specimens [22] and the existence of the plastic deformation. Applying different friction pressures affected the reaching time of different welding temperature levels, which is proportional to the increase of pressure. It is observed that the maximum weld temperature did not exceed the hot deformation temperature. But after welded specimens, reaching the maximum weld temperature, continuous friction pressure and rotational process increase the deformation of the specimens, but were in no relation to Pu and temperature. It is clearly observed from Figures 9 to 11 that at the welding process of AISI 316 and Ck 45, two friction welding parameters, which are Pf and tf, affected the heat of the weld zone significantly. It is observed that the increase at temperature is less effected from the upset pressure when it is compared with the effects of tf and Pf.
The results predicted from the mathematical model that were given in eqs (2) and (3) are compared to those obtained by experiments in Table 4 for four sets of check data.
It can be concluded from the results that predictions can perform with an acceptable error ratio with less effort by using RSM.
Results and discussion
Austenitic stainless steels (such as AISI 316) are suitable for welding because of having high toughness besides having ductility and not exhibiting hardening at the HAZ. The carbide can only be decomposed at the welding seam that is heated up to the critical temperature and cooling down slowly. Having more than 450°C welding temperature causes comprising chrome carbide (Fe, Cr 23 C 6 ). This chrome carbide is composed of 90% chrome, so a few carbons at the edge of grain boundaries decrease the chrome at the round of the austenite grains. As a result of this reaction, corrosion occurs at the grain boundaries which have insufficient chrome, when the material situated at a corrosive environment [23] . For this reason welding time and the maximum temperature have great importance at austenitic stainless steels. Friction welding disposes these negations under the pressure with low temperature when compared with the melting welding and short heating and cooling times.
By the determined friction welding parameters, the AISI 316 and Ck 45 steels have been welded successfully through applying the friction welding method. Optimum friction welding parameters were determined in the experimental studies in the joining process of AISI 316 austenitic stainless steel and Ck 45 steel. The highest tensile strength, which is 702.15 MPa, was 5.8% more than that of the parent material (AISI 316: 663.53 MPa). When the literature is reviewed, it is observed that the friction welding of the AISI 316 stainless steel and Ck 45 unalloyed steel has not been searched in welding parameters of friction time (tf), friction pressure (Pf) and upset pressure (Pu) together. The results demonstrated in the present study are new in the area.
The RSM model given in the previous section provides researchers to predict optimum combination of In the present paper, it is observed that the given mathematical model produces acceptable results when compared to the experimental studies in this area. The average differences between the experimental and modeled results for each response ranged between 0.29% and 5.66% for confirmation tests. By using experimental design presented in the present study, with only 10 experiments an effective second-order full quadratic RSM model is obtained and by using this model the other combinations of experiments which were not performed can be predicted accurately with a confidence interval, which brings time and cost minimization.
Conclusion
The objective of this paper was to use the RSM -which is a collection of mathematical and statistical techniques used for designing the experiments -for predicting the tensile strength depending on various welding parameter combinations. By using RSM, an empirical relationship was developed to predict tensile strength and maximum temperature of friction welded AISI 316 stainless steel and Ck45 unalloyed steel. The developed mathematical models can be effectively used to predict the tensile strength of friction welded joints at a confidence level of 95%. The Rm and maximum temperature are predicted with maximum 8.17% and 5.66% error, respectively, at confirmation tests. The results demonstrated in the present study shows that RSM is an effective tool for this purpose. Regression coefficients of linear terms β ii Regression coefficients of square terms β ij Regression coefficients of interactions e
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